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Abstract 

. • ■ t. . . s w> «ffi«* n t ocne therapy requires effective gene transfer Tollowed by adequate 
ft is an Obvious and basic prtnoipfc At » SlTd Uuo tbx nucleus, remain, a cruclaiiy KffMng factor. 

6 e„ e eipres.ior, However. gemni rDNA .a P'^^J '« Situations and non-viral methods are considered 
Even recombinant viral method* will .how poor P"' 01 ™^ u ^ 0Bwre ^ Ac complexes formed with 

dually to be of yet lower efficiency. Here wc wwjf *J ^Snta 22 Upospermines and polycthyletumlne. 
DNA and the transfecrion potentials ot two ~J Jr a ™ potedvtoolmtao » proving to be a 

Both are among the best vector, <^ J S i g b» mammaiian brain, 

versatile and effective carrier for different »n vivo situations, cepec«uiy wr 
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1. Introduction 

/./. Ce ne therapy's bottle tuck is 8 ei»c transfer 
By definite gene therapy J^g^C; 

in *e nucleus ana culrninatmg 
£°Sus DNfto the nucleus. Many recombman 

■ y . „ r membrane rupture rnecna 

sis • rr :rr 

325". ^SSitlonal change induced 
to a ccU surface receptor or by*e 
acidic nature of the cndoHomal compartment. Chem- 

Z "Toe daunted. Yet, synthetic non-v^ gene 
Hsto Systems, however basic, will be of great 
S2£i?S s- therapy field just as *>on « 

%£Z S ^ U, cystic fibrosis or 
32£TpSi. ^ Know that «. critenon „ far 
from being satisfied. 

Upospermlnw end polyethylenimineS - 
concepts and structural features 

Chemical design is not construed by the need for 
JSofihat is characteristic of a biology 
Ss«d cud therefore explore and exploit e large' 



used for gene transfer in vitro WciumpJSpte 
DEAE-dfxtran). On complexing with DNA, they 
cme several plasmid molecules to eonden* uUo 
sub-micrometric particles. 

\ipospermines [J] ^^£j£<£ 

u«irtc nfied in cene transfer by then aeaogru^ v. b 

i«S polyamine. v/hicb can be found, for e*«»p £ 
X eScaryotlc cdl nucleus^ 

SKS££2 In contrast, monovalent, 
Ss have a small headgroup, leading to a more « 
r«Sw molecule. When the lipids are d* 
JSJdti an aqueous phase, the M jpj-g £ 
The resullins multl-molecular assembly *£S 
took shape. In fact. lipospcrmines form small 

IS it- -rsarf JStSS 

allv form bllayers. Tins difference « ws« « 
any ium » t j Electron microscopy or 

K£2*£ coaxes formed « . « 

ratio i^jf—SS^ 

S^jSTcSi. C100 to ^ . nn* 

S wrapped around and between ^Jj^ 
When these complexes are used m transection, 



Tranvfeetom 



DPPES 




Pig. |. Structure* or Traittfeaau., DFPBS and PEL 
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vittuoUtted by negative tiUuning. Bar i» I Oft nm. 



ihey stick to the cell surface within minutes and are 
internalized [31, Cells transfected wilh Transfeccam 
complexed to gold-labeled DNA show that endo- 
cytoaed complexes eonrain both the lipid and the 
nucleic acid (Fig. 2B). In some cases, they are found 
free in the cytoplasm (Fig- 2tC) and/or in the 
perinuclear region- 

Caiionic lipids give variable transfectlon efficien- 
cies thai depend both on the chemical structure of the 
vector and on the cell type targeted- Even so. 
whatever the cell type used, the Upopolyamines 
constitute one of the most efficient vector classes 
[4-9], The poly amine headgroup must in itself carry 



multifunctional properties that are important for gene 
transfer efficiency, aince performance cannot be 
improved either by the addition of fuftogenic lipids or 
with nuclear localisation signals [10]. Moreover, 
when the potcntiometric protonaiion states of the 
amines were measured, it was found that, at physio- 
logical pH, only three of the four nitrogens in the 
spermine head were caiionic (Fig- 1). The pKa of tb© 
last amine is'5.5 [11], half-way between the extracel- 
lular and intralysosomal pH values, a clue to a 
possible buffering property that could well be ex- 
ploited. In contrast, monovalent caiionic lipids have 
a headgroup containing a quaternary ammonium, 
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>vhich ih constitutivdy charged, preventing them 
from buffering endosomes. The buffering hypothesis 
is bolstered by result* obtained with other cauoruc 
polymers, the polyamidoamine dendrimers [12J. 
These quasispherical macromolecuies bear a large 
number of amine groups and. again, ae for ihe 
lipopolyamines, not all of these amines are proton- 
ated at physiological pH [13]. m m 

So, by observing two completely different caoomc 
vectors, a lipid and a polymer, we cauie to the same 
question: Is there is a causal relationship between the 
overall buffering capacity of a vector under physio- 
logical conditions and its cransfection possibilities? 
Accordingly, a number of macromolccuiar com- 
pounds bearing high amine group densities were 
considered for synthesis. Such cationic compounds 
would still be able to compact DNA, but, due to the 
repulsion predicted between like charges at cloee 
proximity, they would not be fully protonated at 
physiological pH. As it turned out, there was no need 
to start symhesising candidates, as the ideal molecule 
was already available. In the commercially available 
polymer polyethylenlmine (FBI, Fig. 1), one in every 
three nitrogens is in an amine group and the overall 
pronation level increases from 20 to 45% between 
pH values of 7 and 3 [14]. Moreover, The compound 
was identified over 50 years ago and its innocuity 
has been demonstrated by its intensive and various 
uses, e.g., in water purification, ore extraction and in 
shampoos. In fact, PEI is the cationic polymer that 
has the highest charge density potential. Every third 
atom is an amino nitrogen that can be protonated. 
Commercially available PEIs form small complexes 
with DNA at high nitrogen-to-phosphate ratios (Fig. 
2D). Their interaction with negatively charged plas- 
ma membranes is fast and, after only 2 b, numerous 
complex©* can be found in endosomes 1A.M. Stcf- 
fan. personal communication). Here again, complex- 
es can be found free in the cytoplasm. 

3. Results in cell linca and primary culture 

3.L Cenxrifugailon and condeming DNA in small 
volumes improve efficiency, especially when serum 
is present during transf&ction 

When a cationic lipid is used at an excess ratio of 
cationic chargen-to-nucleic acid phosphates, the re- 



suiting nuclco-lipid particle* fix to the cell surface. 
Indeed, in vitro, electrostatic interactions between the 
negatively charged cell membranes and the positive- 
ly charged DNA-iipid complexes are enhanced by 
increasing the overall charge of the complexes, 
which is achieved by increasing the ratio of lipid to 
DNA. The transfecuon efficiency is increased con- 
comitandy with the charge ratio, until toxicity ap- 
pears. This coarse optimization can, however, be 
much more finely tuned. One approach was to 
consider that the transaction efficiency of small 
vector-DNA complexes may be limited by brownlan 
motion, as recently described for retroviruecfl [151. 
To counter this, *e used centrifugation (5 min at 280 
8 ) of cells covered by the transfecuon mixture, and 
found that it increased both PEI and Transfectam 
transection efficiencies by up to 50-fold (Fig. 3; 

^ The presence of serum generally drops the ef- 
ficiency or increases the variability of many gene 
transfer vectors. This may hamper their use in vivo. 
Sequential addition of Transfectam over DNA has 
been shown to produce much more efficient com- 
plexes, especially in the presence of serum (Fig. 3C). 

In vivo applications may also require a high 
concentration of complexes. Transfectam perfectly 
fulfils these requirements, since even a tenfold 
concentrated solution increases the efficiency com- 
pared to the 'regular' protocol (Fig. 3A, extreme left 
bar). 

Finally, the best results, in the presence or absence 
of serum, are obtained when these different ap- 
proaches for optimization are combined (Fig. 3B Fig. 
3D, extreme right bar). Under conditions that can be 
considered as most relevant for in vivo conditions 
(blocks C and D). optimization improves transfcciion 
by three orders of magnitude (left bar to far right 
bar). 

3.2. PEI is versatile and provides hi&h level* of 
gene expression in vitro 

We tested the trensfection efficiency of this poly- 
mer, comparing it to that of lipopolyamines on a 
large variety of cell lines and primary cultures. The 
results are moat promising showing efficiencies that 
are at least as high as those achieved with the best 
currently available synthedc vectors ( [17], Fig. 4), 
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aL 2 h, ^ was added (if r*,uu*d) and the tunsfecrion activiry wu monitored after 24 h. Results arc expressed as buhl 
units per rag of piwin and mcan±5E are (n - 3). 



indicating an entirely new function for this simple 
molecule. 

We also compared PEIft of various molecular 
weights, both branched and linear. PEIs modified 
with cpichlorhydrine or ethoxylated, poly- 
propybnirnincs of different sizes, 57 kDa poly- 
allylamine, 32 kDa polyhifitidinc, ehitosan and 
(3.10) rf :polyamine to polyamidoamine dendrimer 
and 50 kDa polylysinc on 3T3 cells, using ihc firefly 
luciferase reporter gene (Fig. 5). 

AVe showed that only PEIs with molecular weights 
above 2 kDa and dendrimers arc very efficient in 
gene transfer. Yet, PEI iu a much simpler and cheaper 
molecule. Moreover, PEJ can be chemically modified 
(i,c. cthoxylatcd or modified by cpichlorhydrine) 



without Iokb nf activity. This result shows that they 

can be an Ideal base for chemical modifications (see 
Section 5). 



4. In vivo gene transfer mediated by 
Transfectam and polyethylenimines 

4,1* Low charge ratios and the addition of 
dhleaylphasjihalidyi ethanalamine (DOPE) can be 
used for (n vivo Traiisfeczam-medtated Bene 
transfer 

Id some ways, the conditions described in the 
above experiments are mimicking rbofle found in 
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LU/ mg of pTotein 




Fie. 4. Comparative transection of various cell types with Trtinfifcctam and PR1, Cdle wwe tronefecud *nih 2 fig of pCMV-Luo and 
Tnmrfeccnm (6 cqulv.) according lo the Atcpwi^c addition protocol (except for *, where they were added Simultaneously) Or PCI 800 kDu (9 
equiv.). Plates were centrifuged for 5 min ai 280 jy (*". hepsrocytes were cenlrifuged for only 5 min at 44 Percentages indicated ov« iht 
b*rv uurreupond «> tho number of blue cellft counldd ufier cramroctio» wiih 2 fi-g of pCMV-^-Od plus P£l. 



vivo, in particular, by the use of high concentrations 
of complexes and even the use of centrifugation. 
Indeed, thie loner Btep is relevant in that it plays out 
the circumstances of topical injection into a tissue, 
where DNA-lipid particles are soon in close contact 
with the surrounding extracellular matrix and cells. 
However, the use of charged particles has proven 
inefficient for gene transfer In a number of in vivo 
models. This is particularly marked for cationic 
polymers Such as poly-L-lysine. With regard to 
lipopolyamines. such as Transfcctam and Llpofectln, 
which have been on the market for eight years or go, 
only recently have reports appeared showing their 
potential use for certain in vivo situations. Transfcc- 
tam can provide reasonable levels of transfection 
when used alone, without the adjunction of a neutral 



lipid, in the chick embryo [18] and in the moufje 
embryo transfected through the introduction of DNA 
completed with lipid into the maternal blood supply 
ll«J. 

We have also succeeded in defining conditions thai 
provide high levels of in vivo transfection in the 
brains of newborn mice using Transfeetam 120]. As 
shown In Fig. 6, we found that, in this model, the 
best levels of Transfection were obtained when using 
a low ratio of positive charges (supplied by Transfee- 
tam) to negative charges (carried by the DNA). 
Moreover, the addition of a two molar excess of the 
neutral lipid DOPE significantly enhanced transfec- 
tion (Fijj. 6), 

Other authors have also reported that mixtures of 
cationic lipids and DOPE, u&cd at low overall charge 
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Fie. 5. Relative in vitro transition efficiencies of various canonic polymers. 3T3 cells were wsnstfecico witr, i |*g at .pCMV-Uic 
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I-ip. 6. Mixing TttUKfeclam und DOPE in o Ii3 molur ratio provides efficient ficne tranftfer in ihc newborn mouse brain. Effects Of Uie charge 
ratio (R = JJpId caclon-DNA anion) and of the addition Of a twofold molar exceiis of the neurra) lipid. DOPE* on the efficiency of 
Trantfectam-rriediuletJ l!ene transfer. Newborn mice r e ceived intra&Triatul injectionn oonroinipg 2> pug of pCMV— Luc in 2 yX of 5% glucwc. 
Mice were sacrificed 24 h later and JuuifcraAc activity was measured In Drain homogenuies. DNA was applied alone or compacted with 
Ttansreclam (grey column*) or a 1/2 molar ratio of Transfcclam-DOPE (striped columns). Value* are meansxSEM, n = 10 throughout, 
0.001 i *P£0.05. 



ralioti, can deliver genes in vivo, cither with Lipofcc- 
tin (which is commercialised as a mixture of a 
caiionic lipid and DOPE, sec, for example, ref. L211) 
or with Transfectftm [22,23], It is worth noting that 
in the particular case of the adult bruin, the only 
successful uses of caiionic lipids have been those 
employing very low amounts of lipid (ufmally 
Lipofeciln), but the amounts used are insufficient to 
fully condense the DNA injected. Thus, it Is possible 
that the low levels of tranafectjon observed under 
these conditions are due to the activity of naked or 



free DNA escaping from Interactions with the low 
amounts of lipid. Thiv hypothesis is supported by the 
fact that wc have recently shown that free DNA can 
provide low. but reproducible, levels of transgene 
expression in the mature mammalian brain [24], 

4.2. In vivo Veritas: PEI can be used in differeni 
in vivo situations 

One of the most promising aspects of PEI-based 
gene transfer comes from results obtained in vivo 
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which show PEI to have the edge on the other 
vectors, Tndeed. the main limitation of current non- 
viraL gene transfer methods is their relatively low 
efficiencies in vivo, with cationic lipids often requir- 
ing dilution with neutral or amphophilic lipids to 
achieve delivery (see above). No such molecular 
juggling with neutral compounds ia required with 
PET. In both the adult and the newborn mouse brain. 
PEI-DNA complexes provide levels of transfection 
thai are equal lo those found in vitro for the same 
amount of DNA applied to primary neuronal cultures 
(up to 10 6 RLU per fig of DNA injected, Fig. 7). As 
shown in Fig. 7, the befit levels of expression in both 
models are obtained with polymers that have a mean 
MW of 25 kDa (commercialised by Aldrich). In the 
adult brain, wc have used double immunostaining 
with antibodies against cell-specific markers and 
transgene produce lo show that both neurons, and 
glja can be transduced by PEI transfectjoa in vivo. 
Moreover, toxicity is low. no mortality being ob- 
served in injected animals and no necrosis at the site 
of injection [25], Also of intertwit is that when 
transfecting neuronal cells in culture, no interference 
with membrane excitability is seen [26]. 

In both models. I.e., newborn and adult central 
nervous systems, complexes with low overall 
charges provide the best transfcciion efficiencies. 
Ratios of six or nine amines' per DNA phosphate 
were found lo be optimal in the adult and immature 
brain, respectively. Theoretically, these ratios 
produce complexes bearing net charges around neu- 
trality, as only one in five of Ihe prolonatable amines 
carried by the PEI arc in fact protonated at pH 7. 
Such complcxeK would be expected to diffuee widely 
in the exrracellular matrix (whereas highly charged 
carionic complexes, nuch as those used in the in vitro 
situations, u/ould probably stick to fiubalmtep around 
Ihe injection site). We do in fact find rush diffusibili- 
ly of complexes in the newborn bran. As shown in 
Fig. S, following injection of 2 uJ of complexes into 
the striatum, expression is found in ihe olfactory 
bulb, which is over 5 mm distant from the Injection 
site. Similar diffusion can even be found in the adult 
brain [25], a much more dense and compact tissue 
than the immature nervous system. 

Thus, as these experiments in the mouKc nhow, 
PEI appears lo be an ideal vector for in vivo gene 
iranefer into the mammalian brain at different stages 
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Fi$. 7. Efficiency wfficne transfer is inversely related in mean PBI 
polymer size. (A) CcnApari«m of transfecrion efficiencies obtained 
with 2 \l\ of 0.5 CMV-Luo in 5% glucose either alone 

(naked DNA) or completed with 25, 50 or 800 kDa PBI. All PEIa 
were used al a ratio of nine amines per DNA phoepiwe. 
Comploxe* wore injected into the wcrioia of anesthetized newborn 
mice. Expression was measured 24 h later. (B) Comparison of 
t confection efficioooiDP obtained with 5 \l\ of 0.5 CMV- 
Uic in 5fl> glucose eiLher ulune (naked DNA) or completed with 
25, 50 or 800 kDa PBI, All PEI* were used at a ratio of six arnica 
per DNA photiphaie. Complexon were ncereoiaxically injected into 

ihe cortex of anesthetized adult mice, expression was measured 11 
h later. 



of development. Future studies will determine if the 
mcLhodoJogy can be adapted to other tissues. 

5. Conclusion and perspectives 

The .sequence of events that we hypothesize to 
account for the remarkable transection properties of 
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?\g 8. Spatial distribution of p-salacwwidaBc expression to ihe 
w4om mou«* brain after mmsfecrion of I u* DNA (CMV-p- 
Ofil, donKBCh) compiexcd with *£I (volume 2 mu> tr* 
wriitum. a low power overall view of the cUirifleO, ecnpidaied 
brain is shown. 



PEI are summarized in Fig. 9. The polycarion-DNA 
complexes probably enter the cell by spontaneous 
endocytosis. During intracellular trafficking, the buf- 
fering capacity of the FBI will not only tend to 
inhibit the notion of the lysosomal nucleases that 




pHmTfi 



Fir, 9. The proton upong* hypoihoriu. 



have an acid optimal pH, but w»U also alter the 
osmolality of the vesicle. The accumulation of 
protons brought in by the endosomal ATPasc >e 
coupled to an influx of chloride anions [27]. In the 
presence of PEI, there will be a net increase in the 
ionic concentration within the endosome, resulting in 
a swelling of the polymer by internal charge repul- 
sion and osmotic swelling of the endosome, due to 
water entry. With the two phenomena occuring 
simultaneously, it is likely that endosomal life expec- 
tancy ia sorely reduced! Taking into account the 
protonation level of PEL we can expect that about a 
third of the nitrogen atoms in the molecule partici- 
pate in the swelling action, making the molecule a 
virtual proton sponge. For gene therapy, the interest- 
ing aspect of this mechanism (which is somewhat 
'primitive' compared to the mechanisms developed 
by viruses) is that it will lead to enhanced gene 
transfer, as the DNA introduced with the PEI will be 
rapidly liberated from the damaging endosomal 
environment. Thus, this molecule constitutes per sc, 
a promising vector for gene therapy and an ideal 
structural base for constructing more sophisticated 
vectors that could include supplementary functions 
such as cell-specific targeting Hgands. 
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